The remarkable X-linked colour vision polymorphism observed in many New World primates is thought to be maintained by balancing selection. Behavioural tests support a hypothesis of heterozygote advantage, as heterozygous females (with trichromatic vision) exhibit foraging benefits over homozygous females and males (with dichromatic vision) when detecting ripe fruit on a background of leaves. Whilst most studies to date have examined the functional relevance of polymorphic colour vision in the context of foraging behaviour, alternative hypotheses proposed to explain the polymorphism have remained unexplored. In this study we examine colour vision polymorphism, social group composition and breeding success in wild red-bellied tamarins Saguinus labiatus. We find that the association of males and females within tamarin social groups is non-random with respect to colour vision genotype, with identified mating partners having the greatest allelic diversity. The observed distribution of alleles may be driven by inbreeding avoidance and implies an important new mechanism for maintaining colour vision polymorphism. This study also provides the first preliminary evidence that wild trichromatic females may have increased fitness compared with dichromatic counterparts, as measured by breeding success and longevity.
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INTRODUCTION
The majority of New World primate species exhibit a remarkable intraspecific variation in colour vision (Mollon et al. 1984) . In these species, all males have dichromatic colour vision (similar to red-green colour blind humans), whereas females may be dichromats or trichromats (resembling humans with normal colour vision). This variation has a simple genetic basis, where a polymorphic X-linked locus encodes photopigments (opsins) sensitive in the green-red part of the spectrum. Males and homozygous females produce a single red-green opsin, which together with the invariant autosomally encoded blue opsin leads to dichromacy. Heterozygous females have two different X-linked red-green opsins, leading to trichromacy. In the majority of New World monkey species there are three alleles at this X-linked locus, giving three dichromatic phenotypes and three trichromatic phenotypes (Williams et al. 1992; Jacobs et al. 1993) . These alleles have been maintained across different species for many millions of years (Surridge & Mundy 2002) .
The evolutionary processes that led to the origin and subsequent maintenance of colour vision polymorphism are intriguing, but remain poorly understood (reviewed in Surridge et al. 2003) . Most discussion to date has focused on selective forces acting differentially on dichromats and trichromats. In particular, trichromats are expected to be better at detecting ripe fruit than dichromats (Caine & Mundy 2000; Smith et al. 2003a) , whereas a possible benefit for dichromats is in detecting red-green camouflaged objects (Caine et al. 2003) , such as cryptic insects. This provides a mechanism whereby balancing selection operates on the locus. A combination of selection for trichromats with widely spaced photopigments and selection for dichromats with longer wavelength photopigments (Osorio et al. 2004 ) probably contributes to the maintenance of the three alleles, albeit at unequal frequencies (Cropp et al. 2002; Surridge et al. in press) .
Alternative hypotheses proposed to explain the maintenance of polymorphic colour vision have remained largely unexplored. For example, the importance of mate choice and social group composition has rarely been considered in this context. Generally, there is only one breeding female in tamarin groups, which contain both related and unrelated individuals. The female may mate with more than one male (Sussman & Garber 1987) . If females mate disassortatively with respect to opsin genotype (e.g. if a trichromatic female mates with a male with the allele that the female is lacking) this would help to retain variation at this locus, since individuals with rare alleles would have an advantage finding mates. It has also been proposed that group success might be dependent on individuals possessing a range of colour vision phenotypes (Mollon et al. 1984) . Additionally, it is not known if the differential foraging abilities of trichromats and dichromats observed in captivity translate into differences in fitness in the wild.
To date, information on the distribution of opsin alleles within wild New World monkey groups is limited. In the present study we genotyped the colour vision alleles of wild individuals of red-bellied tamarins (Saguinus labiatus) from eight adjacent social groups in order to ask the following questions. (i) Is there disassortative mating, or disassortative association of males and females by opsin genotype? (ii) Do adult males and females associate according to each other's phenotype? (iii) Is there evidence for higher fitness in trichromatic than dichromatic females?
MATERIAL AND METHODS
Eight neighbouring groups of red-bellied tamarins (S. labiatus) were trapped (Garber et al.1993; Savage et al. 1993) as part of an 18 month field study (July 1999 -December 2000 at the Tahuamanu Biological Station in northwestern Bolivia (S. Suárez, unpublished data). Hair samples for genetic analysis were plucked from a total of 47 animals. Animals were classified into age categories based on developmental stage, dental eruption and dental wear (Neyman 1977; Garber et al. 1993) .
DNA was extracted from hairs using a DNA minikit (Qiagen) according to the manufacturer's protocol. Genotyping of the three alleles at the tamarin X-linked opsin locus (543, 556 and 563 nm wavelengths) was performed by PCR amplification and direct sequencing of exons 3, 4 and 5 on both strands. PCR primers and detailed methods are described elsewhere (Surridge & Mundy 2002) . Non-random distributions of alleles and genotypes were assessed using randomization tests (10 000 replicates) that randomly placed adults into a new set of groups while retaining the observed male:female group composition. Tests on contingency tables were performed using a Monte Carlo simulation in RxC (Miller 1997 ).
RESULTS
The distribution of opsin alleles among individuals in the eight groups is shown in figure 1 . The 543 nm and 563 nm alleles were present in individuals in all eight groups, and the 556 nm allele was present in monkeys in five out of the eight groups. Seven out of the eight groups contained trichromatic females, and the total number of colour vision phenotypes in each group varied from two to five (out of a maximum number of six). There was no evidence that adults associated in a way that maximized the phenotypic diversity in the group.
Adult males and females were non-randomly distributed among groups with respect to the opsin alleles they possessed. In particular, there was a significant excess of alleles that were specific to either adult females or adult males within a group (i.e. alleles that were absent from one sex within a group were present in the other sex; randomization test, p!0.02). The randomization was repeated, since one adult male was not trapped from group S. The result held ( p!0.05) when an extra male with a genotype drawn from a population with the allele frequencies found in the present population was added to this group. The composition of Group I changed during the course of this study (see below) and was excluded from this analysis.
There was a trend for older females to be trichromats-the five oldest females sampled were all trichromats (contingency table, p!0.09). Four breeding pairs were identified by additional microsatellite genotyping (S. Suárez, unpublished data), and all of these cases involved trichromatic females mating with a male with the most divergent opsin phenotype possible in the group. Two of these cases involved females mating with males with the third allele that they did not possess. The group which did not contain any trichromatic females (Group I) was unstable and breeding did not occur during the course of the study. Group composition changed frequently once a dichromatic female was forcibly ejected by two immigrating females.
DISCUSSION
(a) Disassortative mating by opsin genotype Strikingly, this study finds that the association of males and females within wild tamarin groups is nonrandom with respect to opsin alleles. Since females generally breed with a male from the same group (S. Suárez, unpublished data), this will lead to disassortative mating by opsin genotype. The opsin genotypes of the small number of breeding pairs identified in this study confirm this. The simplest explanation for these results is that they arise from a general inbreeding avoidance mechanism, rather than any mechanism specific to the opsin locus. Indeed, there is evidence for inbreeding avoidance in this population from variation at neutral microsatellite loci (S. Suárez, unpublished data).
There are several interesting consequences expected from disassortative mating by opsin allele. First, the frequency of heterozygous female trichromats in the population will be higher than expected. A slight excess of heterozygous females is indeed found in this population (observed female heterozygosityZ0.63, expected female heterozygosityZ0.56), but this is not significant. Since trichromats have a foraging advantage over homozygous dichromats (at least for fruit; Smith et al. 2003b) , this is a potential mechanism to increase fitness of mating pairs.
Second, disassortative mating could help to maintain the opsin polymorphism. If an opsin allele became rare, individuals with that allele would have a wider choice of mates, a higher mating success and produce a larger proportion of heterozygous offspring. In the absence of such a mechanism, inbreeding within small groups could lead rapidly to loss of opsin alleles (Hiramatsu et al. in press) . Most discussion of the maintenance of the polymorphism to date has focused on selective advantages of either trichromats or dichromats. While selection is probably the major evolutionary force maintaining the polymorphism, disassortative mating could make an important contribution. For example, it could help to explain how alleles are maintained at low frequencies (the estimated frequency of the 556 nm allele in this population is 0.13, and this allele appears to be generally rare in tamarins (Saguinus) and lion tamarins (Leontopithecus; Surridge & Mundy 2002; in press), and how three alleles have been maintained in most lineages over very long periods of evolutionary time (Surridge & Mundy 2002) . As inbreeding avoidance has been documented in other marmosets and tamarins (Nievergelt et al. 2000; Faulkes et al. 2003; Huck et al. 2005) , the pattern found here may be general for callitrichids.
(b) Fitness advantages for trichromatic females Our data provide the first preliminary evidence that trichromatic females might have long-term fitness advantages over dichromatic females in the wild, both in terms of longevity and breeding success. In particular, all of the older cohort of female tamarins are trichromats and only groups containing trichromats show current breeding success. Larger sample sizes are required to confirm these results.
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